Aerosol hygroscopicity has a significant effect on radiative properties of aerosols. Here a lidar method, applicable to cloud-capped, well-mixed atmospheric boundary layers, is employed to determine the hygroscopic growth factor f (RH) under unperturbed, ambient atmospheric conditions. The data used for the analysis were collected under a wide range of atmospheric aerosol levels during both routine measurement periods and during the intensive operations period (IOP) in May 2003 at the Southern Great Plains (SGP) Climate Research Facility in Oklahoma, USA, as part of the Atmospheric Radiation Measurement (ARM) program. There is a good correlation (∼ 0.7)
Abstract.
Aerosol hygroscopicity has a significant effect on radiative properties of aerosols. Here a lidar method, applicable to cloud-capped, well-mixed atmospheric boundary layers, is employed to determine the hygroscopic growth factor f (RH) under unperturbed, ambient atmospheric conditions. The data used for the analysis were collected under a wide range of atmospheric aerosol levels during both routine measurement periods and during the intensive operations period (IOP) in May 2003 at the Southern Great Plains (SGP) Climate Research Facility in Oklahoma, USA, as part of the Atmospheric Radiation Measurement (ARM) program. There is a good correlation (∼ 0.7) between a lidar-derived growth factor (measured over the range 85% RH to 96% RH) with a nephelometer-derived growth factor measured over the RH range 40% to 85%. For these RH ranges, the slope of the lidar-derived growth factor is much steeper than that of the nephelometer-derived growth factor, reflecting the rapid increase in particle size with increasing RH. The results are corroborated by aerosol model calculations of lidar and nephelometer equivalent f (RH) based on in situ aerosol size and composition measurements during the IOP. It is suggested that the lidar method can provide useful measurements of the dependence of aerosol optical properties on relative humidity, and under conditions closer to saturation than can currently be achieved with humidified nephelometers.
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Introduction
The importance of atmospheric aerosols for the Earth's climate has been widely recognized [e.g. Charlson et al., 1992; Boucher and Anderson, 1995; Vogelmann et al., 2003] .
They affect solar radiation and hence climate directly by scattering radiation back to space [Charlson et al., 1992] , but also indirectly by acting as cloud condensation nuclei [Twomey, 1974] . An important factor affecting the role aerosols play in climate change is their hygroscopicity. The swelling of aerosols due to water vapor uptake will enhance their ability to scatter radiation. Numerous studies have investigated the relationship between aerosol scattering and relative humidity RH in terms of the hygroscopic growth factor f (RH) using humidified nephelometers. These have been used for airborne or ground-based determination of the growth factor considering a "dry" RH over the range 20%−40% and a "wet"
RH up to 90% [e.g. Covert et al., 1972; McInnes et al., 1998; Kotchenruther et al., 1999; Malm et al., 2003] . Humidified Tandem Differential Mobility Analyzers (HTDMAs) allow one to determine aerosol hygroscopicity as a function of particle size, usually for RH up to ∼90% [e.g. McMurry and Stolzenburg, 1989; Covert and Heintzenberg, 1993; Brechtel and Kreidenweis, 2000] . The lidar (light detection and ranging) technique provides the opportunity to investigate hygroscopic growth of aerosols beyond this RH range, under ambient atmospheric conditions and without perturbing the sampled air. Ferrare et al. [1998] used Raman lidar to simultaneously measure aerosol backscatter and RH in a study that demonstrated the ability of lidar to measure f (RH state of the atmosphere to determine f (RH) for RH up to ∼98.5%. In this paper we make use of this combined lidar-thermodynamic approach to determine f (RH) for relative humidities close to saturation and for a broad range of atmospheric aerosol conditions. We apply this method for a much broader range of aerosol conditions than has been done in the past. The analysis by Wulfmeyer and Feingold [2000] was limited to a one-minute time period and FM analyzed 30 minutes worth of data. We also provide first comparisons with a ground-based nephelometer-derived f (RH) and show that there is a strong correlation between these two independently derived growth factors. In addition, we show that there is broad consistency between lidar and nephelometer growth factors and those computed from in situ aerosol size distribution and composition measurements during the IOP.
Experiment
The data used for our analysis were collected between 1998 and 2003 and Patashnick Series 1400a) and a particle-into-liquid sampler with ion chromatography analysis (PILS-IC; Orsini et al., 2003) . The CART Raman lidar is a self-contained, fully computer-automated system designed for unattended, continuous profiling of water vapor, aerosols and clouds at the ARM SGP Climate Research Facility (Goldsmith et al., 1998; Turner et al., 2002) . The light source is a frequency-tripled Nd:YAG laser, operating at 
Method
To determine a growth factor f (RH) β from Raman lidar backscatter profiles and micrometeorological in situ data we employ thermodynamic assumptions for a cloud-capped, well-mixed boundary layer suggested by FM. For the approach to be applicable, the boundary layer must be well-mixed in potential temperature θ, specific humidity q, and aerosol.
When these criteria are met, the enhancement in backscatter with increasing vertical range is due to water vapor uptake, rather than to the existence of layers of aerosol or poorly defined RH. It is assumed that cloud base z cb corresponds to 100% RH. Using an iterative procedure, the vertical profile of RH can be computed starting from the in situ S u b m i t t e d November 30, 2004 measurement of θ and q at z = 60 m in the following way. Successive height levels z i are computed according to the hypsometric equation [Dutton, 1976, p. 64] 
where R d is the gas constant of dry air, T v (z) is the virtual temperature (computed from θ and q, which are assumed to be constant with height), g is acceleration due to gravity, p(z) is atmospheric pressure and dp is a sufficiently small pressure increment to capture cloud base with high accuracy. For each z the RH is determined by
where the saturation water vapor mixing ratio is defined as
and the saturation vapor pressure e s (T ) is computed according to Magnus' formula [Iribarne and Godson, 1973, p. 63] . The iterative procedure is carried out until q = q s (T ),
i.e. until cloud base is reached. Note that we do not make use of a lidar measure of cloud base as the relatively coarse range resolution of 39 m of the CART Raman lidar would introduce additional error in the determination of f (RH) β .
Combining the RH(z) profiles from the thermodynamic approach with profiles of the backscatter coefficient β(z) from the Raman lidar enables one to calculate
which expresses the aerosol growth factor in terms of lidar backscatter at a given RH, relative to that at some lower RH ref . Two and three parameter fits [Kasten, 1969] or three parameter fit according to which provides the best χ 2 goodness of fit. The fit allows us to determine f (RH) β for specific RH values. Similarly these fit equations are also used to determine nephelometer f (RH) neph . To apply the method, the data set was first searched for cloud-capped, well-mixed cases. In order to determine whether the boundary layer was well-mixed we inspected available θ and q profiles from radiosoundings, as well as the β profiles from lidar data. Furthermore, for the cases selected, it was ascertained that the θ and q measurements at z = 60 m were obtained above the surface layer and in the mixed layer. An additional data selection criterion was the accuracy of the cloud base determination using the thermodynamic assumptions. Simulations with a one-dimensional parcel model (see FM) show that a conservative estimate of cloud base lies in the first one-third of the region between the two points in the β(z) profile that exhibit the strongest gradient. This definition of cloud base was used in our study. Time periods that met all the requirements were used for further analysis.
Results

Lidar and nephelometer f (RH)
A total number of 17 lidar time series (3 of which were measured during the IOP) ranging from ten minutes to one hour met the selection criteria and qualified for the comparison with nephelometer data. It should be noted that the data analyzed here were drawn from a subset of the entire 1998-2003 data set, used for a separate aerosol indirect effect study, and do not reflect the total number of cases during this time period. Figure 1 illustrates that nephelometer and lidar data are complementary for typical RH measurement ranges.
Nephelometry measures f (RH) for RH up to 85% and lidar extends the measurement range from 85% RH to close to saturation, i.e., beyond that which can currently be For comparison with nephelometer-derived f (RH) neph for 85%/40% RH and at a wavelength of 450 nm we use the parameters for the fit to the lidar data (at 355 nm) up to 90%, 96% and 98% RH. We account for the different RH measurement ranges of the lidar and the nephelometer by normalizing the growth factors by their respective ranges, ∆RH. (The wavelength difference is discussed in section 5.) Figure 3 shows the comparison between f (RH) neph (85%/40%)/∆RH neph (hereafter referred to as f (RH) neph ) and f (RH) β (90%/85%)/∆RH β and indicates no correlation (correlation coefficient R=0.02) between normalized lidar and nephelometer derived f (RH) for these RH ranges (humidograph data were available for 11 out of the 17 cases). For an upper limit in RH of 96%, f (RH) β (96%/85%)/∆RH β correlates well with f (RH) neph (R=0.73), as shown in Figure   4 . We note that the values of f (RH) β (96%/85%)/∆RH β are significantly larger than those of f (RH) neph , reflecting the non-linear increase in growth with increasing RH as S u b m i t t e d November 30, 2004 illustrated in Figure 1 . In Figure 5 
with a correlation coefficient R=0.68. This shows that the lidar data contain hygroscopic growth information at increasingly larger RH, and over RH ranges that correspond to significant growth. We stress again that the confidence in the derived f (RH) β decreases as RH approaches saturation but this does not change the qualitative picture that emerges from Figs. 3-5.
Calculations based on in-situ aerosol data
To examine the factors controlling the relationship between lidar and nephelometer derived f (RH) we analyze aerosol size and composition measurements from the DMA, TEOM and PILS-IC for the three days during the IOP that were deemed appropriate for this exercise. Figure 6 shows the mean aerosol size distributions (weighted by surface area) for May 8, 13 and 17 measured by the DMA during the time periods that correspond to the lidar and nephelometer measurements of f (RH) . Superimposed on the figure is the scattering efficiency Q scat at 450 nm for an aerosol with negligible absorption. The convolution of the surface size distribution with Q scat represents the contribution of particles of different sizes to the total scattering. We interpolated the measured size distributions onto a finer grid to make them more suitable for model calculations as the Mie calculations behave non-monotonically with RH if the computational grid is too coarse. Figure 7 shows the aerosol mass concentration C for May 8, 13 and 17 in terms of mean total mass (TEOM), mean inorganic mass (PILS-IC), and the difference between the two; also shown is the mean inorganic fraction which we refer to as . We use the aerosol size distribution in an aerosol model (FM) to compute backscatter β and total scattering σ sp as a function of RH, thus allowing us to determine lidar and nephelometer-equivalent f (RH) . The of the 17 cases studied here nephelometer data at 450 nm and 700 nm were available to computeå. In Figure 10 , f (RH) β (which is qualitatively similar to f (RH) neph ; Figure 4) is plotted againstå. The data indicate that f (RH) β tends to increase with increasingå although the correlation is weak (R=0.15). This qualitative trend can be explained by the fact that at largeå, there is a preponderance of small particles with low scattering efficiency. The effect of increasing RH is to allow these particles to grow to sizes at which they are more efficient scatterers. Sheridan et al. [2001] found, based on analysis of in situ data collected at SGP in 1999, that aerosols containing higher fractions of smaller particles show larger hygroscopic growth factors. This is consistent with the trend for f (RH) β vså found here.
It is likely that f (RH) is closely tied to aerosol composition. For example, the water vapor uptake by inorganic salts is typically higher than for dicarboxylic organic acids [Saxena and Hildemann, 1996] . Also, mixtures of inorganic and organic material may exhibit suppressed deliquescence relative humidity [Raymond and Pandis, 2002] . Since for non-IOP days complete aerosol composition data are unavailable, and because we expect the amount of organic material (particularly black carbon) to affect both water vapor uptake and light absorption, we use the single scattering albedo ω o as a composition proxy to explore the effect of composition on f (RH) . In Figure 11 f (RH) β is plotted as a function of ω o for 8 out of a total of 17 cases that were available (only a limited number of absorption measurements, required for the determination of ω o , was available due to instrument downtime). The range of ω o is 0.922 to 0.980. The data show a weak positive correlation (R=0.43), but due to the sparseness of the data a clear trend cannot be deduced. We refer again to the study by Sheridan et al. [2001] who showed that aerosols S u b m i t t e d November 30, 2004
containing higher fractions of more strongly absorbing particles exhibit lower hygroscopic growth factors. Delene and Ogren [2002] studied the behavior of ω o as a function of the aerosol light scattering coefficient for data collected over a three and a half year period at the SGP site. They found that ω o increased with increasing aerosol light scattering coefficient. However, future studies will be required to clarify the relationship between f (RH) and ω o .
Discussion
Assessment of the method
The consistency between the measurements of f (RH) β and f (RH) neph described above provides confidence in the lidar methodology for studying aerosol hygroscopic growth.
Nevertheless, a number of issues need to be factored in to these comparisons. The importance of these will vary depending on the particular aerosol conditions that present total scattering is closely related to the aerosol size distribution and composition. Based on extensive calculations (not shown) we draw the following broad generalizations: (i) the more absorbing the particles, the larger the total scattering relative to the backscatter (and hence the larger f (RH) neph relative to f (RH) β ); (ii) the difference between backscatter and total scattering due to the wavelength difference tends to be less significant for smaller particles. For a more quantitative assessment, these biases should be considered on a case-by-case basis.
(d) f (RH) β is based on lidar profiling of the mixed layer, whereas f (RH) neph is determined from in-situ ground based measurements in the surface layer. The surface layer is in general affected by surface processes on shorter time scales than the mixed layer. Apparently this did not significantly affect the current analysis except for the IOP day May 13 when the arrival of a frontal passage may have resulted in different aerosol properties within the surface layer and in the mixed layer. The fact that time-averaged quantities were used rather than instantaneous measurements may have alleviated this problem;
(e) cloud base height has been determined here based on thermodynamic arguments rather than from lidar backscatter, as the Raman lidar range resolution is too coarse for this purpose. To obtain high accuracy in cloud base determination using thermodynamic arguments it is important that the micrometeorological parameters be measured in the mixed layer, as was done here. Ideally, however, a lidar with high spatial resolution (order of meters) should be used as an additional measure of cloud base (see FM). (AERI) and Geostationary Operational Environmental Satellite (GOES) measurements of RH [Turner et al., 2000] could be included in future analyses. Comparison between lidarand thermodynamically-derived cloud base will provide a stronger criterion for well-mixed conditions and provide greater confidence in f (RH) β at RH close to saturation.
Furthermore, combined Raman lidar and Atmospheric Emitted Radiance Interferometer
Summary
A lidar technique that employs thermodynamic assumptions for well-mixed, cloudcapped boundary layers has been used to compute profiles of the hygroscopic growth factor f (RH) for ambient, unperturbed atmospheric conditions. The lidar-derived f (RH) over the range 85% to 96% RH correlate well with the growth factors from a collocated groundbased humidified nephelometer (40% RH to 85% RH). To our knowledge, this is the first observational evidence of the consistency between these two methods of deriving f (RH) .
The slopes of the growth curves reflect the fact that the growth over the range 85%
RH to 96% RH is much stronger than over the range 40% to 85%. The measurements were corroborated by a comparison of measured f (RH) with those computed from in situ measurement of size distribution and composition for three cases during the May 2003 IOP.
We have investigated the possible relationship between aerosol size distribution and f (RH) β using theÅngström exponent as a proxy for size distribution. The data suggest that f (RH) β (96%/85%) increases with increasingå. A plausible explanation is that at highå, the dominance of smaller particles that are inefficient scatterers yields low backscatter, and their growth due to uptake of water vapor allows them to scatter more efficiently. At lowå, the growth of the larger particles, that are already efficient scatterers, has less effect on f (RH) β . Preliminary investigation of the effect of aerosol The current study extends the prior demonstrations of this technique by Wulfmeyer and Feingold [2000] and FM and provides further confidence that lidar can be a useful tool for measurement of aerosol growth, particularly at RH > 85%. It is suggested that measurements of this kind will benefit greatly from higher lidar range resolution (on the order of meters) which will increase the accuracy of retrievals at RH approaching saturation.
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